We build a spherical halo model for galaxies using a general scalar-tensor theory of gravity in its Newtonian limit. The scalar field is described by a time-independent Klein-Gordon equation with a source that is coupled to the standard Poisson equation of Newtonian gravity. Our model, by construction, fits both the observed rotation velocities of stars in spirals and a typical luminosity profile. As a result, the form of the new Newtonian potential, the scalar field, and dark matter distribution in a galaxy are determined. Taking into account the constraints for the fundamental parameters of the theory (λ, α) , we analyze the influence of the scalar field in the dark matter distribution, resulting in shallow density profiles in galactic centers.
I. INTRODUCTION
The recent indirect observational evidence of dark matter (DM) and dark energy in the Universe [1, 2, 3, 4, 5, 6, 7, 8, 9] has motivated the study of new cosmological and astrophysical scenarios that can encompass these observations. At a cosmological level, the quintessence scenario [10, 11, 12] provides fittings to the present accelerated expansion rate of the Universe and should be consistent with the other above-mentioned observations. Typically, quintessence introduces new fields that have their origin in theories that attempt to unify all forces of nature (strings, braneworlds). These unification schemes result in extensions to General Relativity (GR) which determine a new dynamics. Scalar-tensor theories (STT) of gravity are examples of effective theories that stem from such unifying schemes [13, 14] . As one may suspect, in addition to cosmological consequences, such theoretical extensions also predict local, astrophysical effects. Traditionally, to understand the dynamics of a galaxy, a DM profile has been introduced [15] or, alternatively, a modification to the Newtonian gravitational law, e.g. via Yukawa couplings [16] , or even modifications to the Newtonian motion law, such as MOND [17, 18] . Within the first approach, several DM candidates have been proposed, including a scalar field (SF) as DM itself [19, 20] . The second approach has been used to obtain flat rotation curves in spirals via STT, without using DM halos. Adjusting rotation curve profiles using STT implies that the strength of the Yukawa coupling, α, has to be negative, leading to a phantomlike nonminimally coupled field. Moreover, the adjustment of different rotation curves of specific galaxies, points to different values for the range parameter of the theory, λ [21] , implying a mass spectrum for the fundamental theory at hand. The third approach solves flat rotation curves dynamics in spirals, but fails to fully understand cluster dynamics. This latter approach will not be considered here. Our model is a combination of the first two approaches mentioned above: we use both a DM halo and a SF nonminimally coupled to GR, as long as these two elements could simultaneously play a role in the galactic dynamics, and mitigate the constraints imposed on STT parameters, when using that theory alone.
Following this line of thought, we have recently studied [22, 23] the influence that STT have at galactic scales, see also [24] . We considered the Newtonian limit of STT and computed potential-density pairs of a spherical galaxy in which NFW's [25] and Dehnen's [26] density profiles were used. We also computed some other relevant observational quantities (rotation curves, dispersions), by which we accounted for the influence of the STT scalar fields in the Galaxy. Such influence is characterized by the two parameters (λ, α) of STT, see below. In this work we use this formalism to build a galactic model that is, by construction, consistent with the measured rotation curves of stars and with some luminosity profile. As a result, the form of the Newtonian potential is exactly solved, and the SF and DM distribution in a galaxy are numerically computed, and their specific features depend on the fundamental parameters (λ, α) of the STT. For the values of the parameter space analyzed, the resulting DM has shallow profiles near the center.
Some other models such as the gravitational suppression hypothesis [27] have been put forward, in which a Yukawa term is added in the Newtonian potential. Recently, [28] analyzed the rotation curves best fit in this model, in which a NFW profile is used. They concluded that this hypothesis does not fit several rotational curves of spirals and, hence, does not solve the core/cuspy problem of DM in the center of galaxies. Arguments in favor of a cusp like center can be found in Refs. [29, 30, 31, 32, 33] , however recently more evidence has emerged favoring a corelike galactic center [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45] . In [46] a way can be found to reconcile both approaches.
The present work is organized as follows: in the next section we give a brief description of the STT Newtonian approximation, where the SF background value is set to have the usual gravitational constant value at small distances, r ≪ λ. In Sec. III, we build a galactic model by giving the rotation curves and baryon density profile, and in Sec. IV we analyze the influence of the pair of parameters (λ, α) on the SF and DM density distributions. Finally, in the last section we discuss the results and present our conclusions.
II. THE NEWTONIAN APPROXIMATION OF STT
A typical STT is given by the following Lagrangian [47, 48] :
where g µν is the metric, φ is a SF, and ω(φ) and V (φ) are arbitrary functions of it. L M (g µν ) is the matter Lagrangian. From Eq. (1) one obtains the gravity and SF equations. Thus, the gravitational equation is
The SF Klein-Gordon equation is
where a prime (') denotes the derivative with respect to SF. In accordance with the Newtonian approximation, gravity and SF are weak. Then, we expect to have small deviations of the SF around the background field. Assuming also that the velocities of stars and DM particles are nonrelativistic, we perform the expansion of the field equations around the background quantities φ and η µν , i.e., g µν = η µν + h µν and φ = φ + δφ.
The equations governing the weak energy (Newtonian) limit of STT are well known [22, 49, 50, 51, 52] and written here in physical units (h = 1, c = 1)
where the background value is chosen such as φ = (1 + α)c 2 /G N , a choice that sets the effective Newtonian constant to the one locally observed, see [49, 53] for a detailed discussion. Eqs. (4) and (5) represent the Newtonian limit of a set of STT that are distinguished by the effective square mass
is a generalization of the Brans-Dicke parameter [47] .
In the above expansion we have set the cosmological constant equal to zero since within galactic scales its influence is negligible. This is because the average density in a galaxy is much larger than a cosmological constant that is compatible with observations. Thus, we only consider the influence of luminous and dark matter. These matter components gravitate in accordance with the modified-Newtonian theory determined by Eqs. (4) and (5) . The latter is a Klein-Gordon equation which contains the boson field of mass m, whose Compton wavelength (λ = h/mc) implies a length scale for the new dynamics. We shall assume this scale to be of the order of kiloparsecs.
Note that Eq. (4) can be cast as a Poisson equation
thus, the new Newtonian potential is now given by
Solutions to these equations, the so-called potentialdensity pairs [54] , were found for the NFW's and Dehnen's density profiles [22] and for axisymmetric systems [23] . For point particles the solution is well known, see for instance [22, 50] , and with the choice of the abovementioned background field, one has:
where M is the point particle mass producing the field. The strength of the new scalar force is given by α and its action range by λ. For local scales, r ≪ λ, deviations from the Newtonian theory are exponentially suppressed, and for r ≫ λ the Newtonian constant diminishes (augments) to G N /(1 + α) for positive (negative) α. Recently, the effect of STT has been investigated in different cosmological scenarios in which variations of the Newtonian constant are constrained. For instance, [55] studied the influence of varying G N on the Doppler peaks of the CMBR, and concluded that their parameter (ξ = G/G N ) should be in the interval 0.75 ≤ ξ ≤ 1.74 in order to be within the error bars of the CMBR measurements. In our notation this translates into −0.43 ≤ α ≤ 0.33. However, this range for α has to be taken as a rough estimation, since these authors have only considered a variation of G N , and not a full perturbation study within STT. The latter has been done by [56] , who found some deviations from the Newtonian dynamics, that when translated into our strength parameter would correspond to α = 0.04; however, they do not compare their results with observations. On the other hand, a structure formation analysis has been done by [57] , in which deviations of the matter power spectrum are studied by adding a Yukawa potential to the Newtonian. They found some allowed dynamics, that turn out to constrain our parameter to be within −1.0 ≤ α ≤ 0.5; but again a self-consistent perturbation study in general STT is missing. Thus, the above three estimates can be taken as order-of-magnitude constraints for our models. For definitiveness, we will take values within the range −0.3 ≤ α ≤ 3. The value α = −0.3 yields an asymptotic growing factor of 1.4 in G N , whereas the value α = 3.0 makes G N to asymptotically reduce by one-fourth.
III. A GALACTIC MODEL
We proceed to build a galactic model by assuming that the total matter content consists of two components, baryons and cold DM, ρ T = ρ B + ρ DM ; Baryons represent stars, and the cold DM component could be of any type. The dynamics is determined by the theory explained in the preceding section. There are two possibilities on the DM origin: i) DM is not related to the SF, and ii) DM is associated with the boson produced by the SF. In the former case, DM can be for example an ensemble of neutralinos, whose mass is in the range 200GeV < m ν < 300GeV [58] , within an effective supergravity theory that nonminimally couples to gravity, see for example [59] . In the latter case, ii), the mass of the DM particle is given by M DM = h/λc, with λ ∼ kpc, implying that M DM ∼ 10 −26 eV. The smallness of this mass would have to be explained by a particle physics theory, e.g. similar to light scalar presented by [60] , yet nonminimally coupled to gravity.
Both baryons and DM 'feel' the same gravitational potential, Φ N , but are differently distributed in the galaxy. For the baryon component we assume a Freeman-disk density profile [61, 62] , that is,
where M d is the mass of the disk and r d its radius.
For the DM density we do not assume a particular profile. Instead, we proceed to find its form by imposing a general rotation pattern. In the past attempts have been made to determine a universal rotation curve (URC) profile, beginning with the pioneering work of Ref. [63] . In the nineties the authors of Refs. [64, 65] considered more than 1100 optical and radio data of Sb-Im spirals to find a phenomenological URC profile valid out the outermost radius where data were available at that time. Recently, they have considered more data and have modified the profile [66] , extending it out to its virial radius, that is, including the DM halo part. This profile is supposed to be valid for spirals of different types [67] but a number of issues are still open [66] . Accordingly, we assume for our model that stars and DM particles obey the following URC profile [66] :
where the functions I and K are the modified Bessel functions, and ρ 0 and r 0 are the scaling density and radius of the Burkert density profile [68] . The first part accounts for the disk contribution and the second for the halo's. In a previous work we have assumed a simpler, flat rotation curve profile [53] . The given circular velocity determines the form of gravitational potential Φ N , through Eq. (10), which in turn is related to ρ dm and δφ through Eqs. (4, 5, 7) .
Integrating Eq. (10) for Φ N yields
which leads to the motion of test particles in the Galaxy. Substituting this result in the original system, Eqs. (4, 5) transform into the following two equations
(r + r 0 )(r 2 + r 2 0 )
As an example, we had chosen a set of four galaxies of different types that have been used to test particular gravity theories [28] and to test the validity of some density profiles [36, 70] . The galaxies are: DD047, ESO 116-G12, NGC 7339 and UGC 4325. A greater galaxy set could have been used to test the rotation profile given by Eq. (10), but this has already been done in Ref. [36] , and in Ref. [66] additional arguments are given in favor of this rotation profile. In general, flat density profiles, such as Burkert's, tend to match rotation curves data within Newtonian dynamics [36] . In table I we present the properties and best fitted values of the galaxies' parameters, and in Fig. 1 the best fits are shown. The rotation curve data fit quite well to the profile URC given by Eq. (10) . In doing the fitting we have taken the values for r d , which is directly measured by optical observations, given in Ref. [69] for the first three galaxies and the values given in Ref. [70] for UGC 4325. Then, we have varied M d , r 0 and ρ 0 .
The first term of the right-hand-side of Eq. (13) 
In what follows we proceed to numerically integrate the above equations.
IV. SPHERICAL SOLUTION
Unfortunately, these quantities cannot be computed analytically, since the Newtonian potential involves cylindrical and spherical dependencies. Therefore to solve the Eq. (12) we will assume spherical symmetry. Then, we use the integrals given in Ref. [22] to numerically solve for δφ.
We perform the integration for the LSB galaxy UGC 4325; because the NFW model does not properly fit with the observations, so we plan for this galaxy to contrast our results with them.
Let us explain the range of values for the STT parameters taken in our analysis. Originally, STT [47, 48] were thought for positives values of α to have a standard kinetic term in Eq. (1). But negatives values are also theoretically possible [71, 72] and they have been applied, for instance, to accomplish, without a potential in Eq. (1), an inflationary era in isotropic [73] and anisotropic models [74] , or more recently, to explain the present accelerated expansion of the Universe in some quintessence models [75, 76] . Thus, we will consider positive as well negative values of α subject to the constraints mentioned at the end of section II. Therefore, we will analyze the solutions in the interval −0.3 ≤ α ≤ 3.0. On the other hand, we will assume that λ is in the interval 0.1 kpc ≤ λ ≤ 50 kpc to fit galactic scales.
A. Solutions for positive α
In Fig. 2a we plot the resulting density profiles for α = 3.0 and λ = 1.0 kpc. Of particular interest is the form of the DM profile that flattens near the center of the Galaxy. The latter is again shown in Fig. 2b , where for comparison the standard Newtonian density profile, ρ N , is plotted, which is the profile to have v 2 URCH as given by Eq. (10), but turning off the SF; i.e., ρ N is the density found by solving the Poisson equation with Newtonian potential given by Φ N H in Eq. (11) . Thus, the Newtonian density is the Burkert profile [68] . One observes that ρ DM is always bigger than ρ N , since the effect of the SF is to diminish the effective gravitational constant for r > λ, since G eff = G(1 + αe −r/λ )/(1 + α), thus to compensate the reduction of the gravitational constant, a denser DM profile is necessary to have the same rotation curve profile. Concerning the behavior of the profile, we have computed a numerical fit of the inner part of the curve (r ≪ r d ), showing that it behaves approximately as ρ DM ∼ r −γDM with γ DM ≈ 0.00006
+0.00002
−0.00001 ; the uncertainties stemming basically from the uncertainties in r 0 . On the other hand, the standard Newtonian model is just a little steeper ρ N ∼ r −γN with γ N ≈ 0.00010
−0.00002 . Both of these profiles are essentially shallow. The NFW that best fitted rotation curves data is included for comparison, which is known to be cuspier in the inner region, ρ NFW ∼ r Fig.  2b shows that the DM profile is bigger than NFW's beyond r ∼ 0.6 kpc. On the other hand, Ref. [70] shows that NFW fits are bad for this galaxy, because arbitrary low concentrations (i.e. large NFW scaling length r s ) are needed. In our case, the best fitted curve implies a concentration c = 1.22, which is clearly inconsistent with the cosmological expected values c > 5 (for a wide range of v 200 values) [9, 77] . Thus, what we essentially see in our plots of the NFW profile is its cuspy region, as shown in Fig. 2b .
The solution shown for the SF is the interior solution and eventually at some r = R the exterior solution is valid [22] ; one could think of R to be of the order of the halo size. Thus for r ≥ R, the SF exponentially vanishes and we obtain a standard Newtonian behavior. Therefore, asymptotically, for r ≫ r 0 , ρ DM ∼ r −3 similar to ρ NFW ∼ r −3 . In Figs. 3a-b we have plotted the SF and DM profiles for various λ. The SF fluctuation diminishes going from the center to outer parts, and for smaller λ the decay is stronger in inner regions. Fig. 3a shows also that the SF is bigger for larger λ, since for large λ, G eff approaches to G. A consistency check implies that the SF must comply with the condition δφ < (1 + α)c 2 G −1
16 M ⊙ /kpc in order to validate the perturbation theory used, and it is indeed the case for the pair of parameters (λ, α) chosen. On the other hand, the DM profiles in Fig. 3b diminish by augmenting λ. The DM profile more deviates from the standard Newtonian one for smaller λ.
In Figs. 4a-b we plotted the SF and DM profiles for various α and fixed λ = 1.0 kpc. Again the constraint on δφ is fulfilled (Fig. 4a) . As expected, for small α the DM profile tends to the standard Newtonian one (Fig. 4b) .
B. Solutions for negative α
In Fig. 5a we again plot all densities, as in Fig. 2a −0.00002 ; they are shallow. In contrast, NFW's profile in the same region that has a cuspy power γ N F W = −1.00001. Fig. 5b shows the DM, Newtonian and NFW profiles for comparison. It is clear that the DM profile is less massive than the standard Newtonian. This is because the effective gravitational function, G eff = G(1 + αe −r/λ )/(1 + α), is increased for negative α, and the gravitational pull, being proportional to the term G eff M , is compensated by a decrease in M (r), that is by a decrease of the DM profile. −0.26 , the NFW model behaves as ρ NFW ∼ r −δNF W with δ N F W ∼ 1.08. As in the α-positive case, Fig. 5b shows again that beyond some region (r ∼ 1 kpc) the DM profile is bigger than NFW's. Asymptotically, for r ≫ r 0 , beyond some point the exterior solution is valid, thus ρ DM ∼ r −3 , similar to ρ NFW ∼ r −3 .
Figs. 6a-b show the SF and DM profiles for various λ, respectively. The behaviors show systematic tendencies: the smaller λ, the smaller |δφ|, and again and for smaller λ, the decay is stronger in inner regions (Fig. 6a) . The SF complies with δφ < (1 + α) 
N , guaranteeing the validity of the perturbation approach. On the other hand, the bigger λ, the closer the DM profile approaches to the standard Newtonian model (Fig. 6b) .
In Figs. 7a-b we plotted the SF and DM profiles for various negative α and fixed λ = 1.0 kpc. Again the constraint on δφ is fulfilled. As expected, for smaller |α| the DM profile tends to the standard Newtonian one (α = 0).
V. DISCUSSION AND CONCLUSIONS
We have considered a general STT in its weak energy limit in which two free parameters appear (λ, α). This pair can be constrained by the above-mentioned observations: the first parameter is the Compton wavelength associated with a light boson particle, which we have taken to be of the order of kiloparsecs; this value implies a change of the Newtonian constant only at distances of the order of galactic scales or bigger, and therefore does not conflict with local deviations of Newtonian dynamics [78] . The other parameter is the strength of the new scalar force, given by α, which is subject to cosmological constraints. Accordingly, we have taken values for α within the range −0.3 ≤ α ≤ 3. We do not use bigger positive (negative) values for α because they predict a weaker (stronger) gravitational constant on scales larger than λ, and bring some unacceptable cosmological effects [55, 56, 57] .
Using the STT formalism, we have constructed a galactic model with a distribution of stars and DM that obey a rotation profile compatible with observations given by the URC of [66] , as is shown in Fig. 1 . This fitting determines the form of the effective gravitational potential, Φ N , given by Eq. (11) . Then, by taking a typical density profile for baryons (Freeman exponential profile), the only two quantities to be determined are the SF fluctuation and DM profile, which are given by Eqs. (12) and (13), respectively, for which we have found numer- ical solutions 1 . In a previous work [53] we have found analytic solutions for a flat rotation curve profile. Those solutions are similar to NFW's [25] . The numerical solutions found here are shallow near the galaxy center, since the URCH, Eq. (10), stems from the Burkert profile [68] , which is shallow for r ≪ r 0 . In order to make a comparison with the standard Newtonian model, we turned off the SF and solved for the density in the standard Poisson using Eq. (11) . The resulting profile is called ρ N and is the well known Burkert profile. The DM profile found here is slightly shallower (cuspier) than the Newtonian profile for positive (negative) values of α, and in any case much shallower than NFW's. To quantitatively analyze the solutions we have considered the two scales involved in the URC fitting, that are the disc radius, On the other hand, for positive (negative) α, ρ DM is bigger (smaller) than ρ N always, since the effect of the SF is to diminish (augment) the effective gravitational constant for r > λ, being G eff = G(1 + αe −r/λ )/(1 + α), thus it is necessary to compensate it with a corresponding larger (smaller) DM density. Finally, asymptotically, for r ≫ r 0 , the exterior solution is valid, and thus ρ DM ∼ r −3 is similar to ρ NFW ∼ r −3 . We have found numerical solutions for the allowed parameter space for strength of the SF potential, −0.3 ≤ α ≤ 3.0, and within galactic distances, 0.1 kpc ≤ λ ≤ 50 kpc. The results indicate some systematic tendencies: the effect of the SF is more apparent for λ < r 0 , and its influence attenuates for λ > r 0 , since in this regime the behavior is essentially Newtonian (λ = ∞) for r < r 0 . For small |α| the DM profile tends to the standard Newtonian one (α = 0).
The intention of the present work was to study the influence of a massive SF in a galaxy model that is compatible with a typical baryon distribution and follows the URC of observed galaxies. This construction fixes the Newtonian potential, and for the STT parameters analyzed, the resulting DM profile is shallow at the center of the halo. These results are encouraging showing the important role that both contributions, DM and STT, could have in the dynamics of the systems. We think that numerical N-body simulations using the STT of gravity have to be done to confirm the solutions discussed here. Some preliminary computations have been carried out in Ref. [79, 80] .
